Kinetics of the alkaline hydrolysis of crystal violet (CV) in micelles, reverse micelles and microemulsions of a cationic surfactant, cetyltrimethylammonium bromide (CTAB) was studied at 25 ± 0.1 o C using spectrophotometric method. The rate of alkaline hydrolysis of CV was catalyzed by micellar solutions of CTAB. The pseudo first order rate constant (k') has been found to decrease upon incorporation of 1butanol to cationic CTAB micelles, which displaces the substrate from the micellar into the aqueous phase. In CTAB/cyclohexane/1-butanol/water system, as the content of 1-butanol increases, specific conductivity and density of the microemulsions and reverse micelles decrease. The change in physical properties also causes change in reaction environment. A change from a micelle-rich (o/w) to a reverse micelle-rich (w/o) condition is apparent for microemulsions and consequently the k' vs. % wt. of 1-butanol profiles show an initial decrease in the k' followed by a gradual increase and finally, to a sharp increase with increasing 1butanol content. Microemulsions and reverse micelles thus offer the potential to control rate of a reaction by formation of micelles in water phase and reverse micelles in oil phase.
Introduction
The catalysis of reactions by micelles, reverse micelles and microemulsions has a long and productive history because of its importance in chemical, industrial, pharmaceutical, environmental as well as biological fields 1, 2 . With a proper choice of surfactant and a medium, the rate of a reaction can be enhanced 5-10 5 -fold compared to the same reaction in the absence of a surfactant. This resulted in an upsurge of interest to unveil the mechanism of catalysis in such surfactant-based organized media through studies on some model reactions.
Numerous attempts have been made to investigate the catalysis of reactions by micelles, reverse micelles, and microemulsions using a wide variety of substrates, which inter alia, include: esters 3, 4 , drugs 3, [5] [6] [7] [8] , and some carbocationic dyes [9] [10] [11] [12] [13] [14] [15] [16] . The most widely used substrate has been a triphenylmethane dye, crystal violet (CV) due to its high solubility both in aqueous and organic phase and reversibility of the alkaline hydrolysis of the dye to yield colorless carbinol with high value of equilibrium constant. The rate of the alkaline fading of CV has been reported to be greatly accelerated by the addition of cationic surfactants 11, 14 and retarded by anionic surfactants 10, 11, 15, 16 . The addition of some additives in micelles such as, a polymer 17 , cyclodextrins 18 and counterions 2, 9 in CTAB micelles produced inhibitory effect on the rate of the alkaline fading of CV.
Micellization behavior changes with concentration and kind of alcohol and consequently reverse micelles also influence chemical reactivity. For instance, 1-hexanol, 1-octanol incorporation into CTAB micelles inhibits the basic hydrolysis of CV 19 . The reaction has been considerably studied in the medium of anionic, nonionic, and cationic reverse micelles 9, 11, [20] [21] [22] [23] [24] [25] [26] [27] [28] . Physical properties of such systems can be tuned by changing the composition and nature of surfactants and have the potential to control their behavior as a reaction medium.
Microemulsions can solubilize a wide variety of compounds simultaneously and offer the possibility of reagent compartmentalization. These have proved to be very versatile reaction media that induce drastic changes in the reagent concentrations and thus can be specifically used for tuning the reaction rates 1 . The uses of microemulsions as media for a large number of reactions including: nucleophilic substitution reactions [29] [30] [31] [32] [33] , enzymatic reactions 34, 35 and hydrolysis reactions [36] [37] [38] [39] [40] are well-known. The reaction rate of alkaline hydrolysis of CV was reported in aerosol-T (AOT)/isooctane/water 38 and water/AOT/ndecane microemulsions 39 . The alkaline hydrolysis of CV has beenalso studied in w/o microemulsions of the CTAB/alkanols/cyclohexane system where the reaction has been considered to occur in the water phase of the droplets 40 .
Despite numerous studies, the mechanism of catalysis of the alkaline hydrolysis of CV by micelles, reverse micelles and microemulsions has not yet been well established. In this study, an attempt has been made to make a comprehensive investigation of the kinetics of the alkaline hydrolysis of CV in micelles, reverse micelles and microemulsions of CTAB. The kinetic results in microemulsions have been compared and contrasted with those in reverse micelles and micelles of CTAB. The fundamental physical properties of the reverse micelles and microemuslions have been studied with change in composition and correlated with the kinetic behavior of the hydrolysis of CV in the CTAB/cyclohexane/1butanol/water system. The ultimate goal has been to understand the mechanism of catalysis by w/o or o/w microemulsions, micelles and reverse micelles of CTAB under different reaction environment.
Experimental

Materials and methods
Crystal violet (BDH), 1-butanol (Merck), cyclohexane (Merck) and NaOH were used without further purifications. The cetyltrimethylammonium bromide (BDH) was purified by extraction with ether several times and recrystallized three times from acetone-ethanol (85:15) mixture using the method reported in the literature 41 .
Preparation of microemulsions and reverse micelles
The CTAB/1-butanol/cyclohexane/water microemulsions were prepared at fixed CTAB (20% wt.) and cyclohexane (0 and 3.4% wt.) with different water and 1-butanol contents that ranged from high water to high alcohol content. De-ionized double distilled water with specific conductivity <0.5×10 -6 Scm -1 at 25 o C was used for this purpose.
Specific conductances of different microemulsions and reverse micelles were measured with a TOA CM-5S conductimeter, equipped with a dip-type pre-calibrated cell. The specific conductance could be directly measured using the cell constant of the given cell.
Densities of different microemulsions and reverse micelles were measured with a picnometer. The density was calculated by measuring the mass of the solution and picnometer reading.
Kinetic measurements and spectral analysis were carried out in a double beam Shimadzu UV visible spectrophotometer (model UV-160A), equipped with a thermo-regulated cell compartment (temperature control over ± 0.1 o C) and spectral data processing facilities. Rectangular quartz cells of path length 1 cm were used throughout the investigation.
Alkaline hydrolysis of CV
The progress of the alkaline hydrolysis reaction as a function of time was measured spectrophotometrically by monitoring the absorbance due to CV + at its λ max = 592 nm (= 93587×10 3 mol -1 cm 2 ). In order to make correction for the scattering of light by the microemulsions and reverse micelles; the absorbance was adjusted to zero before the addition of CV. Aqueous solutions of CV and different CTAB/1butanol/cyclohexane/water microemulsions and CTAB/1-butanol/water reverse micelles solutions were mixed in required proportions and the mixtures were allowed to stand for few minutes. Freshly prepared and standardized NaOH solution was then added to the mixture for kinetic studies maintaining [NaOH] >> [CV + ] to keep the pseudo first order condition. The first measurement of absorbance after addition of NaOH was in between 20-60 seconds after mixing. The temperature was maintained 25 ± 0.1 o C in all cases.
Results and discussions
Critical micelle concentration (CMC) of CTAB in aqueous solution
The variation in specific conductivity with change in concentrations of aqueous solutions of CTAB was measured to determine the CMC of CTAB. The experimental specific conductance values of CTAB lie on two straight lines and their point of intersection gave the CMC value for CTAB in aqueous solutions. The CMC value at 25 o C has been found to have a value of 8.75× 10 -4 M for CTAB aqueous solutions, which is in good agreement with literature data 11 . Fig. 1 shows spectra of 3.67×10 -4 M CV in aqueous solution, 1-butanol, micelles (20% wt. of CTAB/ water) and reverse micelles (20% wt. of CTAB/1-butanol). The visible absorption spectrum of CV in aqueous solution shows a prominent peak at 584 nm with a shoulder at 533 nm in agreement with Datta et al 11 . The band at 584 nm corresponds to the symmetrical helical isomer (A) while at 533 nm is due to the distorted one (B) 42 . Upon addition of CTAB, the position of the λ max shifted towards higher wavelength to 592 nm (A) with the shoulder at 541 nm (B). In 1-butanol and CTAB/ 1-butanol solution, the dielectric constant value is smaller and the A band had only a slight shift and the shoulder (B band) becomes less marked. The equilibrium between two isomers of the carbocation depends on the dielectric constant of the solvents in agreement with literature 42 . 
Absorption spectra of CV in different media
Physical properties of CTAB/1-butanol/cyclohexane/water system
Specific conductance Fig. 3 shows specific conductivities of CTAB/1-butanol/cyclohexane/water microemulsion and CTAB/1-butanol/water reverse micelle systems against 1-butanol content. It is interesting to note that although the concentration of CTAB remains constant for the microemulsions and reverse micelles, the specific conductance decreases with increasing 1-butanol content indicating a decrease in the number of conducting species in the system. The degree of ionization of the micellar headgroups was greatly influenced in the presence of 1-butanol. At higher 1-butanol content, reverse micelles were formed and the orientation of the surfactant species also changes. The cores of the reverse micelles were comprised of the hydrophilic trimethylammonium ion and the counterion Bris less easily dissociated. This causes a significant decrease in the degree of ionization and lowers the specific conductivity with increasing 1-butanol content. The degree of ionization varies depending on the nature of the solvent, e.g. the specific conductance of 20% wt. of CTAB aqueous solution was 14.4×10 -3 Scm -1 , while the specific conductance of 20% wt. of CTAB in 1-butanol was 1. Density Fig. 4 shows densities of CTAB/1-butanol/cyclohexane/water microemulsion and CTAB/1-butanol/water reverse micelle systems. The densities of the microemulsions and reverse micelles decreased with increase in 1-butanol content. The density of 1-butanol (0.8089 gcm -3 at 25 o C) is less than that of water (0.9940 gcm -3 at 25 o C). The addition of CTAB in water or 1-butanol raised the corresponding density values. For example, when 20% wt. of CTAB was added to water, the density was found to be 0.9969 gcm -3 at 25 o C. Similarly when 20% wt. of CTAB was added to 1-butanol, the density was 0.8472 gcm -3 at 25 o C. In the CTAB/1-butanol/cyclohexane/water microemulsions and CTAB/1butanol/water reverse micelle systems, a transition from micellar phase to reverse micelle was apparent. The low-density value of CTAB in 1-butanol solution was also reflected in the low-density values of reverse micelles. Since at high 1-butanol content, the number of reverse micellar aggregates was much higher than that of micelles, the apparent density value was found to decrease upon addition of 1-butanol. 
Thermodynamic stability
The CTAB/1-butanol/water reverse micelles and CTAB/1-butanol/cyclohexane/water microemulsions in this study were very stable for a longer period and the stability was retained upon addition of some foreign materials, which are likely to decrease the stability of microemulsions. To check the stability of microemulsions of CTAB, we have added a large amount of NH 4 Cl or NaBr and allowed to settle for several days. No change in transparency could be detected. So, addition of excess counterions or their analogues does not affect the stability of CTAB microemulsions. , a pronounced sharp increase in the rate constant is observed and the rate is enhanced up to more than 10-fold in micellar solutions of CTAB. These results clearly indicate that it is the micelle, which is responsible for enhancing the rate of the hydrolysis of CV. CV + is easily solubilized into the hydrophobic core of micelle in aqueous solution and the concentration of CV + is much higher in the micelle core compared to that in the bulk. The observed rate constant is the average rate constant of the hydrolysis which occur in the two different environments (hydrolysis outside the micelle core and inside the micelle core). But enhancement of the concentration in the micellar pseudo phase as well as change in reactivity brings about significant increase in the reaction rate. The k' vs.
Kinetics of the alkaline hydrolysis of CV
Hydrolysis in aqueous solution and in the presence of CTAB
[CTAB] plot reaches a maximum at ca. 0.01 M, after which the rate constant has been found to decrease gradually with increase in [CTAB] . As the concentration of CTAB is further increased, the electrostatic repulsion between the micellar head groups and positively charged CV increases discouraging further solubilization of CV + in the micelle core. It is the reduction of the concentration of CV + in the micelle core that causes a gradual decrease in the rate of the hydrolysis in the system.
In the kinetic runs for reverse micelles and microemulsions, 20% wt. of CTAB was used, which corresponds to ca. 0.5 M. The kinetics of the alkaline hydrolysis of CV has, therefore, been also studied in aqueous solution using 0.5 M of CTAB concentration and the result has been compared with that in aqueous solution without added surfactant. The k' in 0.5 M CTAB solution was lower than the corresponding value without surfactant in aqueous solution under identical experimental conditions. This is indicative of strong repulsive forces between the micellar head groups and CV + , which ultimately causes inhibition. The significant change in the rate constant may also be ascribed to a change in solubilization originating from the change in micellar structure: from sphere to rod at extremely high concentrations.
Hydrolysis in 1-butanol
The k' for the reaction in aqueous solution shows a strong dependence on the dielectric constant of the medium 40 . 1-butanol has lower dielectric constant (18.3 at 25 o C) compared to water (80 at 25 o C). The k' of the alkaline hydrolysis of CV with [OH -] = 7.4 × 10 -3 M in aqueous solution is 1.73 × 10 -3 s -1 ) and in 1-butanol is 17.70 × 10 -3 s -1 . This indicates that a solvent having lower dielectric constant, favors the hydrolysis reaction of CV compared to that with a high value 40 . The k' value for the title reaction under identical experimental conditions using water with 20% wt. of CTAB was also found to be much lower (1.17× 10 -3 s -1 ) than that in 1-butanol with 20% wt. of CTAB (8.79× 10 -3 s -1 ). and CTAB/1-butanol/cyclohexane/water microemulsions. As the content of 1-butanol in reverse micelles and microemulsion increases, the k' decreases first and then gradually increases; however, at higher 1-butanol content (>50% wt.) a sharp increase is apparent. The rate constant attains value much higher than the corresponding value in aqueous solution under identical experimental conditions. This is a clear indication of catalysis of the title reaction by microemulsions and reverse micelles. It is not surprising that microemulsions and reverse micelles affect chemical reaction rates. It is, however, difficult to give a quantitative explanation for the kinetic data since different factors influence micellar catalysis or inhibition. Since 1-butanol is a very important component of the microemulsions and reverse micelles, we studied the influence of 1-butanol on the title reaction in surfactant solutions to understand the effects of the micellar systems on chemical reactivity.
Hydrolysis in reverse micelles and microemulsions of CTAB
The kinetic rate constants ( Fig. 5 ) may be further analyzed to have a deeper understanding of the mechanism of catalysis by microemulsions and reverse micelles. In part 'a ' of the Fig. 5 , there is a decrease in rate constant with the 1-butanol content and it corresponds to the region of direct CTAB/1-butanol micelle in water where 1-butanol incorporation into the CTAB micelles inhibit the reaction 26 . Part 'c ' of Fig. 5 , corresponds to the reaction in reverse micelle where a decrease in the water content is related to a structured water phase with lower dielectric constant that produces an increase in the reaction rate 21 . Part 'b ' of the Fig. 5 may well correspond to a transition phase from the direct micelles in water to reverse micelles in 1-butanol. In this region the water is not structured and the rate constant has nearly the same value as the second order rate constant for the reaction in water 43 , k = 0.234 M -1 s -1 .
Correlations of physical properties of reverse micelles and microemulsions with kinetic results
As the content of 1-butanol increases in the reverse micelles and microemulsions, the specific conductance as well as the density decrease. The change in physical properties also causes change in reaction environment, which is changed from a micelle-rich low 1butanol condition (o/w microemulsion) to a reverse micelle-rich high 1-butanol condition (w/o microemulsion). Thus, the rate for the alkaline hydrolysis of CV has been found to be influenced by specific conductivity and density of CTAB/cyclohexane/1-butanol/water microemulsion and CTAB/1-butanol/water reverse micelle system.
It is the micelle, which is responsible for enhancing the rate of the alkaline hydrolysis of CV. CV is easily solubilized into the hydrophobic core of micelle in aqueous solution and the concentration of CV + is much higher in the micelle core compared to that in the bulk. The observed rate constant is the average rate constant of the hydrolysis which occurs in the two different environments (hydrolysis outside the micelle core and inside the micelle core). But enhancement of the concentration in the micellar pseudo phase as well as change in reactivity brings about significant increase in the reaction rate 44 . Incorporation of 1-butanol to cationic CTAB micelles displaces the substrate from the micellar into the aqueous phase 19 . Also as the content of reverse micelle is increased in the w/o microemulsions, the orientation of the surfactant species entirely changes bringing about a change in the reaction mechanism.
Conclusion
The alkaline hydrolysis of CV is catalyzed by micelles, reverse micelles and microemulsions of CTAB. Above the CMC of CTAB, the reaction is catalyzed by the micelles of CTAB and the rate of the reaction is significantly enhanced. However, the rate of the reaction at extremely high concentrations of CTAB has been found to decrease due to the increased electrostatic repulsion between the micellar head groups and positively charged CV, which discourages further solubilization of CV in the micelle core. It is the reduction of the concentration of CV + in the micelle core, which causes an apparent decrease in the reaction rate at very high CTAB concentrations. The k' vs. % wt. of 1-butanol profiles for reverse micelles and microemulsions of CTAB showed an initial decrease in the k' followed by a gradual increase with increasing 1-butanol content, which may be ascribed to the increased amount of reverse micelles of CTAB in the microemulsions and reverse micelles. Microemulsions and reverse micelles can thus influence the rate of the reaction by formation of micelles in water phase and reverse micelles in oil phase.
